We developed an automated miniature constant-head tension infiltrometer that measures very small infiltration rates at millimetre resolution with minimal demands on the operator. The infiltrometer is made of 2.9 mm internal radius glass tube, with an integrated bubbling tower to maintain constant negative head and a porous mesh tip to avoid air-entry. In the bubbling tower, bubble formation and release changes the electrical resistance between two electrodes at the air-inlet. Tests were conducted on repacked sieved sands, sandy loam soil and clay loam soil, packed to a soil bulk density ρ d of 1200 kg m -3 or 1400 kg m -3 and tested either air-dried or at a water potential ψ of -50 kPa. The change in water volume in the infiltrometer had a linear relationship with the number of bubbles, allowing bubble rate to be converted to infiltration rate. Sorptivity measured with the infiltrometer was similar between replicates and showed expected differences from soil texture and ρ d , varying from 0.15 ± 0.01 (s.e.) mm s -1/2 for 1400 kg m -3 clay loam at ψ = -50 kPa to 0.65 ± 0.06 mm s -1/2 for 1200 kg m -3 air dry sandy loam soil. An array of infiltrometers is currently being developed so many measurements can be taken simultaneously.
INTRODUCTION
The temporal and spatial variability of soil water infiltration complicates measurements and predictions of hydrological processes (Bowker et al., 2013; Logsdon and Jaynes, 1996) . At catchment scale, differences in parent material and soil properties within a slope drive spatial variability (Doerr et al., 2002; Thompson et al., 1998) . Biological processes, such as soil fauna and root channels, can also have a large impact on the spatial variability of water infiltration (Bowker et al., 2013) . Over time, soil water infiltration changes due to the pore structure dynamics driven by cycles of wetting and drying, farming or other land management practices and biological processes (Hallett et al., 2013) . Conventional water infiltration measurements, with standard infiltrometers, can quantify spatial variability at metre resolution and its temporal dynamics (Zhao et al., 2011) . Much smaller scale variability in water infiltration at millimetre resolution has also been observed, which has been attributed to pore structure heterogeneity (Or and Tuller, 1999) . The coating of pore surfaces with organic coatings that cause hydrophobicity has also been demonstrated to affect the spatial heterogeneity of early time water infiltration (Hallett et al., 2004) and soil-water contact angles (Bachmann et al., 2013) at millimetre resolution. These measurements rely on specialised approaches using either a miniature infiltrometer or direct measurements of water droplet shape on a soil surface, respectively.
A challenge with measuring the spatial variability of water infiltration at any scale is the number of measurements required. This is exacerbated if temporal variability is also to be measured, resulting in a time-consuming and tedious task. Automated infiltrometers, first developed decades ago (Pittman and Kohnke, 1942) , allow for multiple measurements to be conducted by one operator or for measurements on soils where water infiltration is very slow (Johnson et al., 2005) . Various designs of automated infiltrometers have been developed, with the simplest using a pressure transducer to measure the rate of water loss from an infiltrating falling head (Arriaga et al., 2010) . Steady-state tension infiltrometers have also been developed that measure water infiltration directly with microflowmeters (Moret-Fernandez et al., 2012) , indirectly from pressure transducers located in the air and water of a Mariotte bottle (Casey and Derby, 2002; Madsen and Chandler, 2007; Prieksat et al., 1992) , or from the height of the water column in the infiltrometer measured using TDR (Moret et al., 2004) or infrared sensors (Milla and Kish, 2006) . Very sophisticated infiltrometers that change hydraulic head (Moret-Fernandez et al., 2012) and refill automatically (Castiglione et al., 2005) have also been developed.
The technologies used in automated infiltrometers to date, however, may not be appropriate for microinfiltrometers designed for small-scale spatial measurements. In much larger infiltrometers, Spongrova et al. (2009) observed that a largerdiameter reservoir greatly reduced noise when infiltration was assessed with pressure transducers. Due to the very small water volumes that infiltrate from a microinfiltrometer, the reservoir diameter needs to be small. This also precludes the use of TDR because of boundary effects from a small diameter reservoir and of microflowmeters because of low flow rates. In this paper we report a very simple and inexpensive design of a constant head microinfiltrometer that can be constructed easily and recorded with a conventional data-logger. The system measures the rate of bubbling from the air-entry tube in the Mariotte bottle. From electrical resistivity measurements, the growth and release of each bubble can be detected.
MATERIALS AND METHODS
A diagram and photograph of the microinfiltrometer is illustrated in Figure 1 . It consists of a sealed bubble chamber connected by a Mariotte tube to the infiltrating water reservoir. A 5 ml Burette with 0.05 ml gradients was used for the water reservoir. The air tubes are constructed from stainless steel tubing used for hypodermic needles (Needle Gauge 20, 0.90 mm outer diameter and 0.64 mm inner diameter). The tip of the infiltrometer has a radius r of 2.9 mm and is covered with 38 μm nylon mesh to allow for the rapid flow of water and the establishment of a tension head down to -7 cm. As water infiltrates into the soil from the infiltrometer, air bubbles are drawn from the atmosphere to the bubble chamber to balance air pressure. A plastic tube with an inner diameter of 0.90 mm was placed over the outlet of the air-entry tube to increase bubble size. When a bubble grows at the outlet it eventually breaks the electrical contact between two wires. Each wire is connected to a negative or positive terminal of a 12 V DC power source, with the negative wire connected to a data acquisition system. A Labview program detects each major drop in electrical resistance and records the corresponding time. Each resistance drop indicates the growth of a new bubble.
The microinfiltrometer was tested using commercial sands and repacked soils that were initially air-dried and passed through a 2 mm sieve. A sandy loam soil (Dystric-Fluvic Cambisol) and clay loam soil (Gleyic Cambisol) sampled from fields under arable production were used. The sandy loam soil was packed using a compression platen into a 40 mm diameter by 40 mm height core at 12 g 100 g -1 water content to soil bulk densities ρ d of 1200 kg m -3 and 1400 kg m -3 . The clay loam soil was packed the same way at 13 g 100 g -1 water content to ρ d = 1400 kg m -3 . The packed soil specimens were then either dried at 40ºC until water loss ceased or equilibrated on a sand table to a water potential ψ of -50 kPa.
Infiltration measurements with the microinfiltrometer were conducted with water at tension heads of -2 cm or -7 cm. Measurements lasted from 300 seconds to 900 seconds, depending on the rate of water infiltration. The water volume in the infiltrometer reservoir was recorded manually at least 5 times during the infiltration measurement to allow for calibration between the bubbling rate and water infiltration. However, the aim in practice was to limit measurements so that water volumes would only need to be checked periodically, and not for each measurement. The bubbling rate versus time was recorded and then transformed into water volumes by comparing to the manual readings of water infiltration. On some specimens we recorded very frequent water volume changes, which were used to investigate the linearity of bubbling rate to water volume, which tested whether bubble volume was homogeneous during testing. The infiltrometer was clamped to a retort stand for laboratory tests to ensure it was vertical and to minimise movement.
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where f is the air-filled porosity (m 3 m -3 ), and b accounts for the shape of the wetting front, which was taken as 0.55 as suggested as an average value by Wooding (1968) .
RESULTS AND DISCUSSION
The bubbling rate varied between the different soil treatments examined, suggesting greater infiltration to dry and less dense soils (P<0.001; Figure 2 ). Over the time range that measurements were taken, the bubbling rate was highly linear, with R 2 consistently >0.98 for all soil treatments and infiltrometer tensions. A comparison between the cumulative number of bubbles and frequent manual measurements of liquid volume change in the infiltrometer shows a highly linear trend, from which the bubble volume can be calculated (Figure 3) . The bubble volume was affected by soil type and soil water status (P<0.001), but not the bulk density or hydraulic head of the infiltrometer. Table 1 summarises the bubbling and water infiltration results for the different soil treatments that were measured with the microinfiltrometer. Q was calculated from the bubbling rate and bubble volume, which was then transformed into S using Eq. 1. For an individual soil treatment the standard error of S was small, indicating good repeatability between measurements.
Measuring liquid volume changes in the infiltrometer at the start and end of an individual test is feasible, but it does present an extra task for the operator. A comparison between bubbling rate and S found a good correlation (R 2 = 0.86; Figure 4 ):
suggesting that calibration for individual measurements may not be necessary once the infiltrometer has been calibrated. Some soil treatments deviated from this relationship, particularly the sandy loam soil packed to ρ d = 1400 kg m -3 and tested dry (P < 0.05). , water potential ψ = -50 kPa and (d) 1400 kg m -3 , ψ = -50 kPa. All measurements were conducted under a -7 cm infiltrometer tension.
Therefore, as good practice it would be valuable for an operator to perform periodic checks.
There are several sources of error that could affect the relationship between S and bubbling rate. The calculation of S by Equation 1 relies on an assumed value of b equal to 0.55 taken by Leeds-Harrison et al. (1994) as an average value to account for wetting front dynamics derived by Wooding (1968) . However, wetting front dynamics will vary between soils of different textures, structure and initial water content. Madsen and Chandler (2007) found that water infiltration measurements with a Mini Disk infiltrometer were more sensitive to initial soil water content than larger scale infiltrometers. Another source of error is the sensitivity of the air outlet port where bubbling rates were measured. We attached a plastic tube to the end of the stainless steel needle tubing to increase bubble volume, taking care to minimise asperities at the end of the plastic tube that would affect bubble formation and release. Due to the small size of this tube, however, even small asperities will have a large impact and fouling over time could affect the air-solid-water contact angle of the plastic surface or the surface tension of the water in the bubbling chamber. We suggest use of a glass capillary tube for the bubble outlet in future designs and possibly the use of a small concentration of bleach to minimise microbial fouling. Nylon mesh was used as the infiltrometer base so that negative water potentials could be obtained.
In earlier microinfiltrometer designs, sponge was used for the base for the dual purpose of establishing a negative water potential and improved soil contact (Leeds-Harrison et al., 1994) . From our experience, sponge requires greater maintenance as it can be pushed into the infiltrometer tube and its flow rate is heavily dependent on the sponge materials and how it is packed into the infiltrometer (Hallett and Young, 1999; Hallett et al., 2003; Hallett et al., 2004) . In the tests reported here, packed soil provided a flat surface so the nylon mesh base provided good soil contact, but on rougher soil surfaces contact could affect measurements.
In summary, the automated microiniltrometer design described provided an inexpensive and easy to construct device to measure small-scale water infiltration properties of soils. There are several opportunities to improve the design and the use of the infiltrometer in practice. Inexpensive optical sensors are available that could be used to measure bubbling rates more accurately. Arrays of microinfiltrometers could provide rapid spatial measurements of small-scale water infiltration (Hallett et al., 2004) . A stand that supports multiple infiltrometers vertically and at defined spacings would make an infiltrometer array easier to operate in the field. Water repellency could be measured with the microinfiltrometer by also using ethanol as the infiltrating liquid (Lichner et al., 2013) .
